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a b s t r a c t 
Forced structural vibration and cutting tool inaccuracy have been identified to be the primary causes of 
surface defects in rotary wood planing. This paper presents the development of a control strategy used to 
compensate for the effects of both vibration and cutting tool inaccuracy on planed wood surface finish. 
The solution is based on active vibration control and real-time modification of the cutting tool trajectory 
using an optimal Linear Quadratic Gaussian tracking controller. A small-scale mechatronic wood planing 
machine, which has an actively controlled spindle unit, has been designed for practical investigation of 
the proposed technique. Experimental results show that the applied compensation increased the dynamic 
performance of the machine and the quality of the surface finish produced. 
© 2017 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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0. Introduction 
Rotary planing is one of the most important machining pro-
esses in the value-added woodworking industry [1,2] . The details
f the process are well reported in the literature [2–5] . Due to
he kinematics of the process, waves known as cuttermarks are
ormed on the machined wood surfaces. The surface waviness is
he key parameter used in the woodworking industry to determine
he quality and production efficiency of the machine. A high qual-
ty surface finish is classified by cuttermarks width typically less
han 1.5 mm, and cuttermarks width greater than 2.5 mm is typi-
ally considered to be a lower quality surface finish [3] . The unifor-
ity of the cuttermarks is also one of the main parameters used
o determine the quality of the surface finish. 
It has been established that forced vibration and cutting tool
naccuracy are the primary causes of surface quality degradation
n wood planing [3] . Although the defects can be amplified by the
ype and the condition of the wood material, they are primarily
aused by the machine deficiencies [3,4] . It is estimated that de-
ects could reduce processing yield in wood plaining by 27% [1] .
utting tool inaccuracy occurs due to the difficulty in grinding all
he cutting edges in a cutterhead to a common radius. The use of Reviews processed and recommended for publication to the Editor-in-Chief by 
ssociate Editor Cesare Fantuzzi. 
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957-4158/© 2017 The Authors. Published by Elsevier Ltd. This is an open access article uhe best available precision tools and techniques would still pro-
uce a total indicated run-out (TIR) typically within the range of
–10 μm [5] . The TIR is the difference between the largest radius
utter and the smallest radius cutter on a cutterhead. A TIR value
f less than 1 μm is required to produce an acceptable multi-knife
nish but this is not technically feasible at any reasonable price via
echanical methods [3] . 
The current solution to the problem of cutting tool inaccuracy
n the woodworking industry is to apply a process known as joint-
ng. The term is used to describe the dressing of cutting tools
n order to true all the cutting edges to a common radius [3] .
on-jointed cutting edges produce significant repeating patterns of
on-uniform cuttermarks on the machined workpiece. The disad-
antage of jointing is that it removes or reduces any back clearance
ngle from the cutter leading to accelerated tool wear. Tool wear
oes not only increase tooling costs, but it also increases the nor-
al cutting forces generated during the machining process, which
eads to an undesirable burnishing action on the timber surface. 
In addition to cutting tool inaccuracy, structural vibration is an-
ther major cause of defects in rotary wood planing. Vibrations can
rise from multiple sources such as mass imbalances, and bear-
ng misalignments. Vibration results into eccentric running of the
utterhead relative to the workpiece thereby altering the dynamic
utter run-outs of the cutting edges. In cases where jointing is ap-
lied, the jointing device could also modify the cutter tracking or-
it due to the jointer vibration, which is excited by cutterhead im-
alance [5] . Also, the cutting forces generated due to the relativender the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. Small-scale mechatronic wood planing machine. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1 
Angular positions and the static run-outs of the four cutters. 
Cutter Static run-out ( μm ) Angular position (counts) 
1 y 1 = 0 θ1 = 60 
2 y 2 = −12 θ2 = 560 
3 y 3 = −2 θ3 = 1060 
4 y 4 = 1 θ4 = 1560 
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i  motion between the cutter and the workpiece could also lead to
vibration. 
Some ideas on how to improve the quality of planed wood sur-
faces through real-time adjustments of the cutting tool trajecto-
ries have been reported in the literature. The first one is the intro-
duction of horizontal cutterhead movement during the machining
process [6,7] . Similar approach that introduces vertical cutterhead
movement has also been reported [8] . The aim is to produce sur-
face finish with reduced waviness heights. Results show that these
methods produce cuttermark heights below what is obtained from
the conventional machining. However, these techniques still do not
compensate for the effects of vibration and cutter inaccuracy. Real-
time optimisation of the cutter path has also been used to com-
pensate for cutting tool inaccuracy [9,10] . The technique used is
to adjust the cutterhead vertical position in such a way that all the
cutting edges are at the same radius when engaged with the work-
piece. Tool path optimisation is not limited to wood planing as the
technique has also been used in other wood machining operations
to minimise cutting force and tool wear [11] . 
The adjustment of cutter path has been extensively studied in
wood planing but vibration control has received less attention.
Work reported so far on vibration control in wood machining has
focused on circular sawing and milling [12–18] and other wood
machining processes [19] . Work on the improvement of the dy-
namic performance of a wood planer spindle using piezoelectric
actuators has also been reported in [20] . 
Although cutting tool inaccuracy compensation and active vi-
bration control in rotary wood planing have been studied inde-
pendently [9,10,20] there is a greater challenge in solving the two
problems concurrently. Therefore, the aim of this paper is to de-
velop an appropriate control strategy that is capable of combin-
ing real-time tool trajectory adjustment with dynamic process dis-
turbance compensation. The proposed controller is a combination
of feedforward and feedback control loops. Experiments are per-
formed on a small-scale mechatronic wood planing machine in or-
der to investigate the effects of the compensation on the surface
finish quality. 
2. Mechatronic wood planing machine 
The work reported in this paper is based on an experimental
test facility designed to explore different techniques that can be
used to improve the performance of industrial wood planing ma-
chines ( Fig. 1 ). The small-scale mechatronic wood planing machine
is instrumented with two non-contact eddy current sensors and
four piezoelectric actuators for controlling the spindle in the planeerpendicular to its rotational axis. The eddy current sensors are
sed to measure the spindle displacement in the X-Y plane. The
ctuators are capable of moving the spindle up to a peak-to-peak
mplitude of 36 μm . The spindle is also equipped with a rotary en-
oder for measuring its angular position so that its displacements
an be synchronised with its rotational angle. The encoder gener-
tes 20 0 0 counts per revolution and an index pulse once every rev-
lution. The index pulse is used to establish an absolute rotational
ngle of the spindle. The eddy current sensors are aligned with the
ctuators in axial direction but rotated by 45 ◦ with respect to the
ctuators as shown in Fig. 2 . Therefore, the sensor readings are al-
ays converted from the sensors coordinate system ( x s , y s ) to the
ctuators coordinate system ( x a , y a ). 
Cutting tool inaccuracy compensation through periodic vertical
isplacements of the spindle has already been explored and tested
n the machine [9,10] . The compensation was applied to a four-
nife cutterhead based on the static run-outs of the cutters and
heir absolute angular positions on the spindle. 
The four-knife cutterhead mounted on the spindle has a mass
f 293g and a nominal diameter of 120 mm. The cutters are num-
ered from one to four in the clockwise direction. The measured
tatic run-outs and the angular positions of the cutters at their
owest points are given in Table 1 . As seen in the table, the TIR
f the cutterhead is about 13 μm (cutter 2 and 4). 
The run-outs were measured after the cutterhead had been
ounted on the spindle in order to eliminate the effect of any mis-
lignments between the centre of the cutterhead and the spindle
entre. The main shortcoming of the approach explored in [9,10] is
hat the dynamics of the machine are not taken into account. Vi-
ration could cause the dynamic run-outs of the cutters to be sig-
ificantly different from the statically measured values. The resul-
ant effect of superimposed vibration on the surface finish quality
epends on its amplitude and phase. Therefore, an approach which
ptimises the cutter path based on the static cutter measurements
nd also compensates for the effects of vibration is required for
eliable operations of the machine. 
. Controller design 
The proposed control system for achieving the aim of this pa-
er is a combination of disturbance feedforward and feedback con-
rol loops. A simple feedback control mechanism alone may not
eet extra high tracking performance requirements, especially in
he presence of large disturbances and when there is a long delay
etween the plant output measurements and the firing of the ac-
uators. Significant improvements in the tracking performance can
e obtained if some of the process disturbances are measured and
ed forward into the control loop, so that corrective actions can
e initiated in advance before they affect the system’s response.
he feedback loop consists of a Linear Quadratic Gaussian (LQG)
racking controller with integral action. The LQG controller is used
ecause it provides the best possible performance using the least
mount of control effort [21] . Apart from its optimality, it is also
table and robust to process disturbances and measurement noise. 
An LQG controller can be used either as a regulator or a set-
oint tracker. When it is used as a regulator, the control objective
s to drive the plant output to zero. A regulator-type LQG controller
P.S. Ogun, M.R. Jackson / Mechatronics 46 (2017) 21–31 23 
Fig. 2. Actuators and sensors arrangement on the smart spindle unit. 
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• K r is the reference signal feedforward gain ould be suitable for implementing vibration control system only
ecause the objective is to drive the spindle to state of equilibrium
20] . In this paper, the controller is used as a set-point tracker be-
ause the control objective is to drive the error between the actual
pindle output and a desired reference signal to zero. 
The operation of the controller is such that when the spindle
nit is to be displaced, a proportional amount of control effort
s generated by the feedforward loop based on a priori knowl-
dge of the static knife run-outs, static gain of the piezoelectric
ctuators and the anticipated effects of measurable disturbance in-
uts (vibration). Large tracking errors could result due to inaccu-
ate knowledge of the dynamic gain of the piezoelectric actuators,
he hysteresis of the piezoelectric actuator, and any unknown dis-
urbances acting on the machine. The feedback information from
he eddy current sensors is then used to generate any increase or
ecrease in the combined controller output that is required to min-
mise the error between the reference signal and the actual spindle
osition. The overall controller design is presented as follows: 
.1. Optimal tracking controller design 
Consider a linear time-invariant system described by the fol-
owing discrete-time state-space equations [21] : 
 (k + 1) = Ax (k ) + Bu (k ) (1a) 
 (k ) = Cx (k ) (1b) 
here: 
• x is the state vector 
• u is the input vector 
• y is the output vector 
• A is the state matrix 
• B is the input matrix 
• C is the output matrix 
The requirement is to design a control system with satisfactory
ransient response and the steady state output of the plant should
e equal to an arbitrary reference signal. This requirement can be
reater achieved if the control law makes use of both the nominal
tate vector and the integral of the error between the reference
nd actual output. Therefore, the integral of the error between the
pindle position y(k), and the reference set-point value r(k), is used
s an additional state variable to form an augmented state vector.
he output of the integrator is given as: 
 (k ) = 
N ∑ 
k =0 
r(k ) − y (k ) = 
N ∑ 
k =0 
r(k ) −Cx (k ) (2)The augmented state vector ˆ x is given as follows: 
ˆ (k ) = 
[
x (k ) 
i (k ) 
]
(3) 
The state equation for the augmented system is given as: 
ˆ (k + 1) = 
[
A 0 
−C 0 
]
︸ ︷︷ ︸ 
ˆ A 
ˆ x(k ) + 
[
B 
0 
]
︸︷︷︸ 
ˆ B 
u (k ) (4a) 
 (k ) = 
[
C 0 
]︸ ︷︷ ︸ 
ˆ C 
ˆ x(k ) (4b) 
An optimal control law that includes feedback of both the nom-
nal states variables and the added state variable is formulated as
ollows: 
 (k ) = −K ˆ  x(k ) = K x (k ) 
i (k ) 
(5)
The gain K is calculated so that the control law minimises the
bjective function given by Eq. (6) . The objective function defines
he trade-off between tracker performance and control effort. 
 (0 , N ) = 
N ∑ 
k =0 
ˆ xT .Q . ˆ  x(k ) + u T (k ) .R.u (k ) (6)
here Q is the state weighing matrix and R is the control cost
atrix. The augmented state feedback gain matrix K is calculated
rom the following equation: 
 = R −1 . ˆ  B T .M (7) 
here M is the solution to an algebraic Riccati equation, given by
ˆ 
 
T .M. ˆ  A − M − ˆ A T .M. ˆ  B . ( ˆ  B T .M. ˆ  B + R ) −1 . ˆ  B T .M. ˆ  A = 0 (8)
 = 
[
K x K i 
]
(9) 
The final control law, which includes the reference signal feed-
orward, is written as: 
 (k ) = −
[
K x K i 
]x (k ) 
i (k ) 
+ K r r(k ) (10)
here: 
• K x is the nominal state feedback gain 
• K i is the steady state error integral gain 
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Table 2 
Spindle vibration with and without the cutterhead. 
Speed (RPM) Amplitude ( μm ) Amplitude ( μm ) 
Spindle Only Spindle + Cutterhead 
600 0.31 0.31 
10 0 0 0.32 0.33 
1500 0.35 0.36 
20 0 0 0.36 0.37 
30 0 0 0.38 0.39 
40 0 0 0.41 0.42 
Fig. 3. Cutterhead and the attached imbalance mass of 116g. 
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w3.2. Optimal observer design (Kalman filter) 
A full-state feedback cannot be used to design a control system
because all the state variables cannot be realistically measured. A
Kalman filter is required to estimate the state vector, based upon
the output measurement y ( k ) and known input u ( k ). The goal of
the Kalman filter is to provide an estimated state vector x e ( k ) so
that the estimation error e (k ) = x (k ) − x e (k ) , is brought to zero in
the steady state. The Kalman observer design is adapted from [21] .
Consider a stochastic noisy plant which has the following discrete
state-space representation: 
x (k + 1) = Ax (k ) + Bu (k ) + F v (11a)
y (k ) = Cx (k ) + z (11b)
where: 
• v is the process noise vector, which may arise due to modelling
errors such as neglecting non-linearities or higher frequency
dynamics; 
• z is the sensor measurement noise vector arising from sensor
imperfections. 
• F is the stochastic noise coefficient matrix, which is also being
estimated by the system identification algorithm. 
The state-equation of the Kalman filter is written as follows: 
x e (k + 1) = Ax e (k ) + Bu (k ) + L [ y (k ) −Cx e (k )] (12)
where L is the Kalman filter gain matrix. The Kalman filter is
formed by minimising the covariance of the estimation error, R e =
E[ e (k ) , eT (k )] . The estimation covariance matrix R e can be evalu-
ated by solving the following algebraic Riccati equation: 
0 = A.R e + R e .A T − R e .C T .Z −1 .C.R e + F .V.F T (13)
where A, F and C are the plants state coefficient matrices, V is the
process noise spectral density matrix, and Z is the measurement
noise spectral density matrix. The Kalman filter gain matrix is cal-
culated as follows: 
L = R e .C T .Z −1 (14)
3.3. Optimal linear quadratic Gaussian compensator design 
Having used the so-called principle of separation to design the
optimal tracking controller and the Kalman filter, the two are com-
bined to form an optimal compensator for the plant. The final
state-space realisation of the optimal compensator for tracking a
reference signal is given by: 
x e (k + 1) = A − BK x − LC + LK x ) x e (k ) + Ly (k ) (15a)
u (k ) = −K x x e (k ) − K i i (k ) + K r r(k ) (15b)
The feedforward gain, K r , the controller weighting matrices, Q
and R , and the Kalman filters spectral noise densities, V and Z , are
the tuneable design parameters for the LQG tracking compensator.
Hence, the desired closed-loop systems performance is obtained by
suitably selecting the values of K r , Q, R, V and Z . 
3.4. Vibration disturbance feedforward compensation 
The feedforward loop requires knowledge of the signature of
the vibration disturbance in advance. The procedure used to gather
that information is presented in this section. Some tests have been
performed in order to estimate the amount of vibration caused by
imbalance forces in the system. The spindle is rotated at different
speeds and its vibration in the vertical plane is measured usinghe eddy current sensors. The vibration amplitudes are shown in
able 2 . 
The results in Table 2 show that there is no significant vibra-
ion in the system. This is desirable for a good wood surface fin-
sh. However, vibration is needed in order to test the performance
f the control system. Vibration disturbance is introduced into the
est rig by attaching a mass weighing 116g to the cutterhead at a
adius of 35 mm from its centre ( Fig. 3 ). The spindle is rotated at
he desired speed and its vertical vibration is measured using the
ddy current sensors. This is done without any inputs from the
iezoelectric actuators so that any displacement away from equi-
ibrium would be due primarily to the mass imbalance or other
ources of vibration acting against the stiffness of the piezoelectric
ctuator and flexural hinges. While sampling the eddy current sen-
ors, the angular position of the spindle is also measured using the
otary encoder mounted on the spindle. This provides information
bout the position of the resultant mass imbalance. 
A sample plot of the spindle displacement against its angular
osition is shown in Fig. 4 . The signals were acquired using the
ddy current sensors and the rotary encoder for duration of 60s
hile rotating the spindle at the speed of 1500rpm. The vibration
mplitude is estimated by computing the average of the positive
eaks. The angular position of the spindle at the positive peaks,
hich is the position of the resultant mass imbalance, is also de-
ermined through averaging. The spindle vibration is re-generated
n real-time using the following equation: 
 (t) = Acos [ θ (t) − θa ] (16)
here: 
• y ( t ) is the instantaneous vertical position of the spindle ( μm ) 
• A is the estimated vibration amplitude ( μm ) 
• θ ( t ) is the instantaneous angular position of the spindle (rad) 
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Fig. 4. Graph of displacement against angular positions of the spindle. 
Fig. 5. Real-time measured and re-generated spindle vibrations. 
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n  • θ a is the estimated angular position of the resultant imbalance
mass (rad) 
A sample plot showing a real-time measured vibration and the
e-generated vibration of the spindle is shown in Fig 5 . It should
e noted that the vibration amplitude needs to be determined for
ach rotational speed. The position of the mass imbalance may also
eed to be re-determined if the cutterhead is removed and then
ounted back on the spindle. The vibration signal needs to be con-
erted to the equivalent piezoelectric actuator voltage. The static
ain of the piezoelectric actuators is used to calculate the vibra-
ion disturbance input. The gain is determined from the voltage-
isplacement relationship between the piezolectric actuators and
he spindle. The equation is given as follows: 
 d (t) = y (t) /G s (17)
here: 
• u d ( t ) is the disturbance input ( V ) 
• G s is the static gain of the piezoelectric actuator ( μm / V ) 
The objective is to introduce a signal which is 180 ° out of phase
ith the process disturbance vibration. The final control law is ob-ained as follows: 
 (k ) = −K x x (k ) − K i i (k ) − K r r(k ) − u d (t) (18)
. Experimental tests and results 
The controller is designed in Simulink and Stateflow on a host
omputer. A real-time rapid prototyping environment from Math-
orks known as xPC Target is used to control the wood planing
achine. The xPC Target enables direct execution of the Simulink
nd Stateflow models on a target computer for real-time testing.
he xPC Target computer is equipped with a data acquisition board
hrough which it takes spindle orbit and angle of rotation data
rom the planing machine, and also applies control signals to the
iezoelectric actuators. The testing environment is shown in Fig. 6 
.1. System identification 
The LQG feedback controller requires a state-space mathemat-
cal model of the plant. Experimental system identification tech-
ique is used to obtain the model of the test rig because it is
26 P.S. Ogun, M.R. Jackson / Mechatronics 46 (2017) 21–31 
Fig. 6. Schematic of the active wood machining control environment. 
Fig. 7. Time-domain response of the spindle to a sine-sweep. 
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d  based on observed input-output data from the system [22,23] and
it does not require the details of the physical principles guiding
the behaviour of the machine. Also, the parameters of the test rig
components such as damping, spindle dimensions, actuator stiff-
ness, and amplifier impedance and the underlining mathematical
relationships are not required. Frequency response testing is used
to determine the dynamic characteristics of the test rig and also
generate data for the system identification procedure. 
A sine-sweep signal of 25V ranging from 0 to 1 kHz at the rate
of 0.5 kHz/s is applied to the piezoelectric actuators on the verti-
cal axis of the spindle (B and D in Fig. 2 ), and the acquired spindle
response is shown in Fig. 7 . MATLAB System Identification Toolbox
is used to estimate the state-space model matrices from the mea-
sured input-output data. Since the experimental system identifica-
tion approach does not assume any prior first principles model of
the plant, the entire procedure can be repeated whenever required.
The identification of the spindle unit in the horizontal direction
is not that critical because the cutting tool error compensation and
the vibration control system are implemented on the vertical axis
only. The system identification was carried out while the spindle
a  as stationary since it has been demonstrated in [24] that rotation
oes not generally have any significant influence on the dynamics
f a spindle. 
.2. Controller performance test 
The tests performed in order to determine the performance of
he controller were in three stages. 
Case 1 Cutting tool inaccuracy compensation The spindle was
ade to track an arbitrary reference signal. The signal is the one
equired to compensate for inaccuracy in a four-knife cutterhead
aving three proud knifes. The spindle speed was increased from
0 0 0 rpm to 40 0 0 rpm without the imbalance mass attached to
he cutterhead, so there was no vibration disturbance acting on
he spindle. The comparison between the reference spindle posi-
ion and the actual spindle position at 30 0 0rpm is shown in Fig. 8 .
he efficiency of the controller is measured based on the objec-
ive of the active machining system, which is to keep the spin-
le at desired vertical positions when the cutters are within the
ngular positions where they produce visible cuttermarks on the
P.S. Ogun, M.R. Jackson / Mechatronics 46 (2017) 21–31 27 
Fig. 8. Tracking response of the spindle rotating at 30 0 0 rpm. 
Table 3 
Controller efficiency for cutting tool inaccuracy compensation. 
Speed (RPM) Pulse 1 Pulse 2 Pulse 3 Avg. error Controller efficiency 
20 0 0 2.8 1.2 0.1 1.4 98.6 
30 0 0 0.1 0.1 4.0 1.4 98.6 
40 0 0 3.1 2.5 4.0 3.2 96.8 
Table 4 
Controlled and uncontrolled vibration amplitudes. 
Rotational Imbalance Uncontrolled Controlled Vibration 
speed mass vibration vibration reduction 
( RPM ) ( N ) amplitude ( μm ) amplitude ( μm ) (%) 
10 0 0 8.06 0.45 0.09 80.0 
20 0 0 32.24 1.75 0.49 72.0 
30 0 0 72.54 4.12 0.90 78.2 
40 0 0 128.96 8.005 3.20 60.0 
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Table 5 
Controller efficiency for cutting tool inaccuracy and vibration compensation. 
Speed Pulse 1 Pulse 2 Pulse 3 Average Controller 
( RPM ) error (%) error (%) error (%) error (%) efficiency (%) 
10 0 0 0.1 1.0 0.1 0.5 99.5 
20 0 0 2.1 3.1 5.0 3.4 96.6 
30 0 0 8.0 6.7 4.0 6.2 93.8 
40 0 0 30.0 22.5 20.0 24.2 75.8 
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aorkpiece. The positions of the spindle outside these regions do
ot have any effect on the surface finish. Therefore, the average
ercentage error between the desired positions and the actual po-
itions of the spindle at the midpoints of the reference pulses is
sed to determine the performance of the controller. The efficien-
ies of the controller for the cutterhead inaccuracy compensation
s computed using Eq. 19 are shown in Table 3 . 
 = 
∑ n 
i =1 ( 
y re f −y actual 
y actual 
) i 
n 
× 100 (19) 
Case 2 Vibration Control The second sets of tests were per-
ormed with an imbalance mass of 21g attached to the cutterhead
t a radius of 35 mm (735g-mm). The controller was used to regu-
ate the position of the spindle around zero and the spindle speed
ncreased from 10 0 0 rpm to 40 0 0 rpm. The uncontrolled and con-
rolled vibrations of the spindle at the rotating speed of 30 0 0 rpm
re shown in Fig. 9 . 
The results in Table 4 show that the controller can provide up
o 60% reduction in the spindle vibration amplitude at 40 0 0 rpm.
he reduction in the controller efficiency with increasing speed is
ttributed to the limited response time (bandwidth) of the piezo-
lectric actuators. 
In an industrial planing machine, the cutting speed is typically
ithin the range of 30–125 m/s (40 0 0–170 0 0 rpm) [3] . The cut-ers are usually between four and eight in number and can be up
o twenty for very high feed speed applications [5] . This means
hat the maximum cutting speed of 40 0 0 rpm at which the mecha-
ronic wood planing machine has been operated is at the very low
nd of an industrial wood planing machine. The cutter-passing fre-
uency of the cutterhead is given as N. ω, where N is the number
f cutters and ω is the cutting speed in rev / s [10] . Work reported
reviously [10] has shown that the bandwidth of the piezoelectric
ctuators must be higher than the cutter-passing frequency in or-
er to obtain good controller performance for the real-time cutter
ath optimisation. 
Case 3 Cutting tool inaccuracy compensation and vibration
ontrol The third sets of tests were performed with the same im-
alance mass in Case 2 but the cutterhead was made to track the
eference signal in Case 1. Similarly, the spindle speed was in-
reased from 10 0 0 rpm to 40 0 0 rpm. The comparison between the
eference signal and the spindle output at 30 0 0 rpm is shown in
ig. 10 and the estimated controller efficiencies are presented in
able 5 . As earlier seen in Table 4 , the uncontrolled vibration am-
litude of the spindle at 30 0 0 rpm is about 4.12 μm . A close obser-
ation of Fig. 10 shows that the superimposed vibration amplitude
as been reduced to less than 1.0 μm when the controller was
ctivated. 
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Fig. 9. Controlled and uncontrolled vibration of the spindle at 30 0 0 rpm. 
Fig. 10. Tracking response of the spindle with imbalance mass at 30 0 0 rpm 
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σ  It is expected that the enhanced dynamic performance of the
spindle would lead to improved surface quality provided that the
effects of other factors such as the timber material properties are
negligible. 
4.3. Surface finish quality evaluation 
In order to evaluate the effects of the cutterhead displacements
on surface finish quality, some wood samples were machined with
and without compensations. Firstly, a sample was machined with-
out any compensation at the cutting speed of 10 0 0rpm and feed
speed of 133mm/s. These parameters will produce a 2mm wavi-
ness pitch for a four-knife cutterhead [3,5] . The machining was
done without the mass attached to the cutterhead so vibration dis-
turbance effect is negligible. The obtained surface profile measured
using the alicona InfiniteFocus instrument is shown in Fig. 11 . 
Another wood sample was machined using the same cutting
parameters but with the compensation applied. Cutter two andhree were displaced downward by 12 μm and 2 μm respectively,
nd cutter four was displaced upward by 1 μm . The surface profile
btained is shown in Fig. 14 . 
As seen in Fig. 11 , the surface profile is a three-knife finish in-
tead of a four-knife finish due to the 13 μm TIR of the cutterhead.
his means that the cuts made by the shortest knife have been
ompletely removed by the other longer knifes. Although there are
ome variable differences in the heights of corresponding cutter-
arks from one revolution to the other, the overall waviness pat-
ern is in close agreement with the static run-out measurements.
he four-knife finish in Fig. 12 was obtained because the compen-
ation was able to minimise the effects of the cutting tool inac-
uracy. The standard deviation of the widths of the cuttermarks is
sed as the quality assessment parameter. The standard deviation
s calculated as follows [10] : 
= 
√ (
1 
N 
N ∑ 
i =1 
(S i − S¯ ) 2 
)
(20)
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Fig. 11. Surface profile of a sample machined without compensation. 
Fig. 12. Surface profile of a sample machined with cutting tool inaccuracy compensation. 
Fig. 13. Surface profile of a sample machined under vibration disturbance but without compensation. 
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Fig. 14. Surface profile of a sample machined under vibration disturbance but without compensation. 
Table 6 
Surface finish quality evaluation for cutting tool inaccuracy compensation. 
Surface finish Rmax ( μm ) Cuttermarks Width ( mm ) σ ( mm ) 
S1 S2 S3 S4 
Uncompensated surface finish 20.95 3.37 0.00 2.50 2.12 1.26 
Compensated surface finish 13.82 1.90 2.15 2.08 1.88 0.13 
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 where: 
• N is the number of cuttermarks used 
• S¯ is the desired waviness pitch (2 mm) 
• S i is the width of the ith cuttermark 
The surface finish with the lower standard deviation has a
higher quality because the widths of the individual cuttermarks
are close to the desired pitch. The surface finish quality evaluation
data for Fig. 11 and Fig. 12 are shown in Table 6 . Based on these
values, the compensated surface finish has a higher quality rating
than the uncompensated surface. 
A set of cutting tests were also performed with an imbalance
mass of 4060g-mm attached to the cutterhead at the same angu-
lar position as knife four. The spindle was rotated at the speed of
1500rpm and the imbalance mass produce a forced vibration of
about 7 μm amplitude at the cutterhead position. This effectively
increased the dynamic TIR of the cutterhead from 13 μm to 27 μm .
A wood sample was machined without any compensation at the
feed speed of 200mm/s in order to aim at 2mm waviness pitch.
The resulting surface profile is shown in Fig. 13 . Although the cut-
termarks appear to be relatively uniform, the waviness pitch is
about 8mm instead of the desired 2mm. This indicates that the
profile is a single-knife finish. Based on the grading system used in
the woodworking industry, cuttermarks pitch greater than 2.5mm
is a low quality finish. 
Another wood sample was machined under the same conditions
but the cutterhead inaccuracy and vibration compensation was ap-
plied during the machining operation. The resulting surface profile
is shown in Fig. 14 . 
As seen in Fig. 14 , the surface profile is a four-knife finish hav-
ing a once per revolution vibration defect condition [3] . The ap-
plied compensation reduced the vibration amplitude to 3 μm based
on the measured outputs of the eddy current. . Conclusion 
This paper presents an active method used to compensate for
he effects of cutting tool inaccuracy and spindle vibration in ro-
ary wood plaining. The technique is based on real-time periodic
ptimisation of the cutting tool trajectory coupled with the re-
ection of the vibration disturbance acting on the spindle. A con-
rol system that is based on optimal LQG controller and feedfor-
ard disturbance rejection was used. Experiments were performed
n a mechatronic wood planing machine in order to evaluate its
ynamic performance and also determine the effectiveness of the
echnique on the quality of the surface finish. The results show
hat the technique provides up to 75% increase in the dynamic per-
ormance of the machine. Also, the surface profiles obtained from
he compensated machining operations have higher quality than
he ones machined without compensation. 
cknowledgement 
The authors acknowledge support from the EPSRC Centre for
nnovative Manufacturing in Intelligent Automation in undertaking
his research work under grant reference number EP/IO33467/1 . 
eferences 
[1] Ratnasingham J . The implications of machining defects in wood planing oper-
ations (part 1). Woodwork Int J 2008;10–11 . 
[2] Gottlober C , Wagenfuhr A , Robenack K , Ahmed D , Eckhardt S . Strategies, con-
cepts and approaches to avoid cuttermarks on wooden workpiece surfaces.
Wood Mater Sci Eng 2016;11(3):147–55 . 
[3] Jackson MR , Parkin RM , Brown N . Waves on wood. Proc Inst Mech Eng, Part B:
J Eng Manuf 2002;216(4):475–97 . 
[4] Sitkei G , Magoss E . Optimum surface roughness of solid woods affected by in-
ternal structure and woodworking operations. In: Proceedings of 16th interna-
tional wood machining seminar. Matsue, Japan; 2003. p. 366–71 . 
[5] Jackson MR , Hynek P , Parkin RM . On planing machine engineering character-
istics and machined timber surface quality. Proc Inst Mech Eng E: J Process
Mech Eng 2007;221(1):17–32 . 
P.S. Ogun, M.R. Jackson / Mechatronics 46 (2017) 21–31 31 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[  
 
 
[  
[  
[  
 
 
D  
I  
H  
i  
f  
e  
c  
a  
2  
r  
a  
H  
a
P  
m  
p  
G  
t  
t  
M  
o  
p  
M  
M  
t  
p  
f[6] Brown N , Parkin RM , Jackson MR . Simulation of modified rotary tim-
ber machining process to improve surface form mechatronics. Mechatronics
2002;12(3):489–502 . 
[7] Brown N , Parkin RM . Improving wood surface form by modification of the ro-
tary machining process - a mechatronic approach. Proc Inst Mech Eng, Part B:
J Eng Manuf 1999;213(3):247–60 . 
[8] Hynek P , Jackson MR , Parkin RM . Improving wood surface form by modifica-
tion of the rotary machining process. Proc Inst Mech Eng, Part B: J Eng Manuf
2004;218(8):875–87 . 
[9] Ogun PS , Jackson MR , Parkin RM . A mechatronic approach towards cutting
tools inaccuracies compensation in rotary wood machining. In: The 14th
international conference on mechatronics technology. Osaka, Japan; 2010.
p. 289–94 . 
[10] Ogun PS , Jackson MR , Parkin RM . Mechatronic approach towards surface qual-
ity improvements in rotary wood machining. Proc Inst Mech Eng, Part B: J Eng
Manuf 2013;227(9):1266–76 . 
[11] Petrovic A , Lukic L , Ivanovic S , Pavlovic A . Optimisation of tool path for
wood machining on cnc machines. Proc Inst Mech Eng, Part C: J Mech Sci
2017;231(1):72–87 . 
[12] Hesselbach J . Multiple channel filtered-X LMS-RLS vibration control in wood
machining. In: IEEE international conference on control and automation.
Christchurch, New Zealand; 2009. p. 2060–5 . 
[13] Beljo-Lucic R , Goglia V . Some possibilities for reducing circular saw idling
noise. J Wood Sci 2001;47:389–93 . 
[14] Gospodaric B , Bucar B , Fajdiga G . Active vibration control of circular saw
blades. Eur J Wood Wood Prod 2015;73(2):151–8 . 
[15] Kopecky Z , Rousek M , Hlaskova L , Vesely P , Svoboda E . Quality of the work-
piece surface at cutting by a circular-saw blade with the irregular tooth pitch.
Annals of Warsaw University of Life Sciences - SGGW, Forestry and Wood Tech-
nology 2011;74:192–8 . 
[16] Xi F , Wang XG , Qin Z . Modeling and analysis for active control of circular saw
vibrations. J Vib Control 20 0 0;6(8):1225–41 . 
[17] Pohl M , Rose M . Piezoelectric shunt damping of a circular saw blade with
autonomous power supply for noise and vibration reduction. J Sound Vib
2015;361:20–31 . 
[18] Chen Y , Wang XG , Sun C , Devine F , De Silva CW . Active vibration control with
state feedback in woodcutting. J Vib Control 2003;9:645–64 . 
[19] Fragassa C , Berardi L , Balsamini G . Magnetorheological fluid devices: an ad-
vanced solution for active vibration control of the wood manufacturing pro-
cess. FME Trans 2016;44(4):333–9 . 
20] Albertelli P , Elmas S , Jackson MR , Bianchi G , Parkin RM , Monno M . Ac-
tive spindle system for a rotary planing machine. Int J Adv Manuf Technol
2012;63(9):1021–34 . [21] Tewari A . Modern control design with Matlab and Simulink. West Sussex, Eng-
land: John Wiley and Sons Ltd; 2002 . 
22] Ljung L . Prediction error estimation methods. Circuits Syst Signal Process
2002;21(1):11–21 . 
23] Ljung L . System identification: theory for the user. 2nd edition. Eaglewood
Cliffs, New Jersey: Prentice-Hall, Inc.; 1999 . ISBN 0-13-881640-9 
24] Lauffer JP , Regelbrugge M , Kwan C , Lin Y , Xu H , Dohner JL , et al. Smart spindle
unit for active chatter suppression of a milling machine: II. dynamics and con-
trol. Proceedings of SPIE: Smart Structures and Materials 1998: Industrial and
Commercial Applications of Smart Structures Technologies 1998;3326:167–73 . 
r Philips Ogun Dr Ogun is a Senior Research Associate at the EPRSC Centre for
nnovative Manufacturing in Intelligent Automation, Loughborough University, UK.
e currently pursues research programme in the area of intelligent automation and
s involved in cutting-edge research projects that are reshaping high value manu-
acturing in the UK. Dr Ogun’s research interests are in machine vision, robotics,
mbedded systems and machine learning. Dr Ogun obtained a BSc degree in Me-
hanical Engineering from Obafemi Awolowo University, Ile-Ife, Nigeria in 2005 and
n MSc with distinction in Mechatronics from De Montfort University, Leicester in
008. He also gained a PhD degree from Loughborough University in 2012 for his
esearch on modelling and control of a high-performance production machine. He is
 UK Chartered Engineer and a member of the Institution of Mechanical Engineers.
e has published academic papers in reputable journals and conferences, and he is
 peer reviewer for a number of engineering journals. 
rofessor Michael Jackson Exceptionally strong industrial background in the UK
achine tool industry whilst employed by the Wadkin Group plc, UK during the
eriod 1968–1986. Attained the board level position of Technical Director in 1983.
ained BSc Honours in Mechanical Engineering at Salford University in 1975. Under-
ook company based research at Wadkin during 1978–1986 on machine tool vibra-
ion and awarded PhD (CNAA) in collaboration with Leicester Polytechnic in 1986.
Sc in Flexible Manufacturing Systems and Robotics attained in 1987 at Loughbor-
ugh University. Joined the Loughborough University Mechanical Engineering de-
artment in 1987 as a Lecturer. Promoted to Senior Lecturer in 20 0 0 and Chair in
achine Systems 2007. Currently Director of the £12M EPSRC Centre for Innovative
anufacturing in Intelligent Automation. Also Academic Lead for the Intelligent Au-
omation Theme at the Manufacturing Technology Centre (MTC). These two roles
rovide strategic management of a continuous pipeline of research and innovation
rom discovery to industrial deployment. 
